Introduction
Hawthorn (Crataegus spp.) leaves, flowers, and both green (unripe) and red (ripe) berries are used to make herbal preparations to treat patients with severe heart disease. The two species of hawthorn used to make such medicinal preparations are Crataegus laevigata (native to Europe and North America) and Crataegus monogyna (native to Europe, Asia, and North Africa) (Sticher and Meier 1998) .
Some secondary metabolites synthesized in Crataegus (hawthorn) species have recently received attention, especially due to their vasoactive properties (Weihmayr and Emst 1996) . Hawthorn extracts have also been shown to increase myocardial contractility, reduce reperfusion arrhythmias, dilate peripheral arteries, and mildly decrease blood pressure (Von Eiff et al. 1994 , Weihmayr and Emst 1996 , Zhang et al. 2001 . When standardized extracts of the leaves and flowers have been used for treatment of patients with chronic heart failure, no significant adverse side-effects have been reported (Ody 1993, Sticher and Meier 1998) . A standardized extract of the leaves and flowers is approved by the German Commission E for treatment of heart failure (Sticher and Meier 1998) . It is widely used in Europe, especially in Germany, as a cardiotonic in the treatment of chronic heart failure, and high blood pressure (Schussler et al. 1995, Weihmayr and Emst 1996) .
Many phenolic compounds in these plants possess antioxidant activity and may help protect cells against the oxidative damage caused by free radicals (Rakotoarison et al. 1997 , Zhang et al. 2001 , Kirakosyan et al. 2003 .
The mechanisms of action of these protective effects of hawthorn extracts are still unclear and have not been fully characterized.
The phytoactive secondary compounds present in hawthorn leaves, flowers, and fruits are flavonol derivatives and flavonoids (Ammon and Kaul 1994 , Rehwald 1995 , Rohr and Meier 1997 . The flavonols are chains of catechin and/or (-)-epicatechin linked by 4!8 or 4!6 bonds. The primary flavonoids present in hawthorn include, vitexin-2 00 -O-rhamnoside, acetylvitexin-2 00 -O-rhamnoside, vitexin, isovitexin, quercetin, hyperoside, and rutin (Rehwald 1995, Sticher and Meier 1998) .
However, even though there are a number of recent studies on the effects of abiotic stress treatments on gene expression, regulation by transcription factors, and crosstalk in calcium-mediated signal transduction pathways (Dubouzet et al. 2003 , Chinnusamy et al. 2004 ) in different plants, there is little information available regarding the effects of environmental stress treatments on the production of polyphenolics in Crataegus with the exception of a recent report by Kirakosyan et al. (2003) on effects of cold and drought stress on antioxidant activity of polyphenols in hawthorn.
The primary goal of the present study is to determine whether the levels of polyphenolics present in leaves of 1-year-old plants of C. laevigata and C. monogyna can be elevated by the use of environmental stress treatments. The stress treatments we employed included waterdeficit, cold, flooding, and herbivory. Our working hypothesis is that some of these environmental stress treatments will enhance levels of secondary metabolites, such as flavanol type substances and flavonoids, in hawthorn leaves. If this hypothesis is true, then such environmental stress treatments can be used as part of a photobioreactor system (Shotipruk et al. 1999 ) to produce consistently high levels of the active constituents in hawthorn leaves throughout the year.
Materials and methods

Plant material
One-year-old dormant plants of C. laevigata and C. monogyna were obtained from Lawyer Nursery, Plains, Montana, USA. Upon arrival of the dormant plants, shipped bare-root, individual plants were potted in 15-cm-diameter pots for C. laevigata and C. monogyna, using Sunshine Mix 1 No. 4 (Sun Gro Horticulture Inc., Bellview, WA, USA) as a potting medium. The plants were watered daily and kept at 25 C and illuminated continuously with high pressure sodium vapour lamps from P/L Light Systems Canada, Inc. (Grimsby, Ontario, Canada) with 1500 mmol m À2 s À1 irradiance (measured with a Li-Cor photon flux density meter; LiCor Inc., Lincoln, NE, USA) at the tops of the plants for 3months while the plants were breaking bud dormancy and developing fully expanded leaves.
Nature of stress treatments
All stress treatments were of 10 days duration, using six plants of each species per treatment. Leaf samples were obtained at time zero and at the end of 10 days for the respective treatments. The following stress treatments were used: (1) flooding (immersion of pots in water) versus no flooding (watering of plants daily) with comparable temperature (25 C) and irradiance of 1500 mmol m À2 s À1 ) for both regimes; (2) water deficit stress for 10 days versus watering daily with comparable temperature (25 C) and irradiance of 1500 mmol m À2 s
À1
) for both regimes; (3) herbivory (removal of half of every leaf on each plant by cutting off the distal halves) versus no herbivory (leaves intact) with comparable temperature (25 C) and irradiance of (1500 mmol m À2 s
) for both regimes; and (4) cold (4 C) versus room temperature (25 C) with comparable irradiance (1500 mmol m À2 s
) for both regimes.
Determination of soil moisture levels for water-deficit stress treatments
For the water-deficit stress treatments, moisture levels of the soil were assayed gravimetrically. For this purpose, control plants were watered daily with 100 ml deionized water over the 10-day treatment period, and the soil medium moisture content was determined at day zero and again at day 10. Water-deficit-stressed plants received no water during the 10-day treatment period, and the soil medium moisture content was determined at day zero and again at day 10 at the same time as for the control plants. Soil medium samples were obtained by sampling soil medium from each of the six pots of plants used per treatment. The aggregate weight of each sample used for analysis before drying was equal to 12-13 g. Soil medium dry weights were determined after drying the respective samples for 24 h in an oven set at 46 C. The soil medium used in this study was Professional Sunshine 1 Growing Mix No. 1 (Sun Gro Horticulture, Inc., Bellview, WA, USA). It consists of 70-80% Canadian sphagnum peat moss, perlite, dolomitic limestone (for pH adjustment) and wetting agent.
Collection of leaf samples and extraction protocol
At harvest time, leaves on each plant were cut off at the base of the petioles, the leaves from the six plants were pooled together, and frozen at À80 C until time of extraction. The extraction protocol was as follows: freeze-dried hawthorn leaves (approximately 15 g fresh weight) were lyophilized. The dried leaves (approximately 1 g dry weight) were powdered using a clean mortar and pestle. 0.5 g of the prepared powder was extracted in 10 ml of dichloromethane overnight in 15 ml pyrex tubes with screw caps mounted on a shaker (150 r.p.m), placed in an incubator set at 50 C. The dichloromethane was poured off and the residue was extracted with 10 ml of 70% methanol overnight with the tubes placed on a shaker set at 150 r.p.m. in a 50 C incubator. After removing the methanol by air-drying, the remaining water layer was separated from the precipitate by centrifugation at 10 000 Â g for 10 min. The extraction of the precipitates was subsequently performed twice with 5 ml aliquots of diethyl ether and 10 ml ethyl acetate. The remaining water layer was dissolved in 6 ml distilled water, adjusted the pH to 5.4 with o-phosphoric acid, and incubated with 0.l ml distilled water containing b-glucosidase at 0.l mg of the enzyme per 0.l ml water. The mixture was incubated for 1 h in a water bath set at 35 C in order to release flavonoids from sugar conjugates. Ten millilitres of 100% methanol was then added to the mixture to dissolve the flavonoids more effectively. Following repeated mixing, the tubes were then placed on a shaker at 150 r.p.m. for 60-90 min in an incubator set at 60 C. The mixture was then centrifuged and the supernatant was evaporated using a Bu¨chi evaporator. The residues from all steps were combined together and dissolved in 10 ml of 80% methanol. After filtration through a 0.22-mm filter, the extracts were ready for high performance liquid chromatography (HPLC) analysis.
HPLC analysis of extracts
The following conditions were used for HPLC analysis: a Phenomenex Luna TM column [5 mm pore size, C-18, 150 mm Â 4.60 mm], flow rate of 1 ml min
À1
; solvent A [water 1 0.1% TFA (trifluoroacetic acid)], solvent B (acetonitrile 1 0.1% TFA); the HPLC running conditions consisted of a gradient of 5% B to 100% B during a 30 min period; the oven temperature was 40 C. A 10-ml aliquot of sample was injected onto a Shimadzu 10 AD HPLC system with a SPDM-10AV photodiode array detector (Shimadzu Scientific Instruments Inc., Columbia, MD, USA). The quantitative analysis of each compound in the extracts was analysed by comparison with the corresponding authentic samples. Detection was set at 280 nm.
Statistical analysis of data
All treatments were replicated three times. Results are given as mean AE standard deviation (SD). Data were analysed using ANOVA to determine differences between treatment means. Means were separated by Tukey's significant difference test (P , 0.05). 
Sources of chemicals
Results
The results of HPLC analysis of the levels of polyphenolics in C. laevigata and C. monogyna are presented in Tables 1 and 2 , respectively, for water-deficit stress, cold stress, flooding stress and simulated herbivory stress treatments. The data presented in these tables are compared for levels of the respective compounds at initiation of the stress treatment (indicated as T 0 ) and at the end of 10 days for the control (T 10 ) and stressed plants, respectively.
Significant increases in the levels of (-)-epicatechin and catechin, are evident for both Crataegus species following water-deficit stress treatment, especially for C. laevigata. Chlorogenic acid also increased, more in C. monogyna than in C. laevigata. Among the flavonoids, in C. laevigata, only vitexin, hyperoside, and rutin levels increased following water-deficit stress, whereas acetylvitexin-2 00 -O-rhamnoside level decreased more than 50%, and levels of the other flavonoid representatives did not change appreciably. For C. monogyna, no major changes are evident in levels of flavonoids with the exception of acetylvitexin-2 00 -O-rhamnoside (50% decrease) and rutin (five-fold increase) when one compares control with water-deficit stress. In summary, the primary effect of water-deficit stress is to enhance the levels of catechin especially and (-)-epicatechin in the leaves of both hawthorn species. In addition, gravimetric data and percentage soil moisture values from the soil medium moisture determinations for both control and 10-day, water-deficit stress treatments indicate that at day 0, soil medium water content varied between 80 and 82% for both hawthorn species (Table 3) . After 10 days, the There was a greater percentage decrease in soil medium moisture content for C. monogyna than for C. laevigata at the end of the 10-day treatment period. Cold stress treatment actually maintained levels of chlorogenic acid, catechin and (-)-epicatechin at similar levels as for the controls in both C. laevigata and C. monogyna. On the other hand, flavonoid levels, for all compounds (except vitexin, quercetin, and rutin in C. monogyna), were significantly increased for both hawthorn species following cold stress treatment.
When we compare the effects of water-deficit and cold stress treatments, important differences in secondary metabolite levels in hawthorn leaves are evident. Water-deficit stress significantly enhanced levels of flavanol type substances and had no major effects on the levels of flavonoids, whereas cold stress treatment had just the opposite effect.
The other abiotic stress treatments employed, namely, flooding stress and simulated herbivory stress, cause no major increases in levels of polyphenolics in hawthorn leaves. For example, flooding stress treatment for 10 days either caused no significant changes in levels of most polyphenolics, a slight increase (hyperoside in C. laevigata and chlorogenic acid, catechin, and quercetin in C. monogyna), or they decreased in amounts. Some differences are evident between C. laevigata and C. monogyna regarding the effects of simulated herbivory stress treatment. Chlorogenic acid, catechin and (-)-epicatechin levels dropped significantly for C. laevigata, but actually showed no major changes in C. monogyna. For the flavonoids, no major changes in levels occurred except for the large decreases in acetylvitexin-2 00 -O-rhamnoside in C. laevigata and C. monogyna.
Discussion
Water deficits and cold stress are major environmental factors which limit the productivity of plants (biomass accumulation). Plants have developed biochemical and physiological mechanisms to respond and adapt to these stresses in order to survive. These mechanisms involve stress-inducible genes that directly protect against such environmental stresses or act to regulate gene expression and cross-talk in signal transduction pathways , Chinnusamy et al. 2004 . In this connection, there are a number of reports on mechanisms by which abiotic stress treatments regulate synthesis of secondary metabolites in plants. These mechanisms involve differential mRNA accumulation in Arabidopsis phenotypes using transcriptome profiles (Provart et al. 2003) , cold stress-induced differential gene expression in Arabidopisis leaves using serial analysis of gene expression patterns (SAGE) (Jung et al. 2004) .
The mechanisms by which cold and drought stress up-regulate the biosynthesis of polyphenolics in hawthorn are essentially unknown, but some of the molecular genetic approaches used by other investigators, as cited above, may be helpful in unravelling them.
Based on the results of the present study, cold or water-deficit stress treatments may constitute a highly effective way to enhance the levels of polyphenolics. The same can be said for antioxidant activity in hawthorn leaves (Kirakosyan et al. 2003) . Such treatments may act by diverting photosynthetically fixed carbon from synthesis of primary metabolites such as cellulose, lignin, lipids, and proteins that are associated with growth metabolism to synthesis of secondary metabolites like flavonoids and flavanol-type substances that are associated with little or no growth in water-deficit-and cold-stressed plants ).
The present study provides a practical way to obtain consistent and high levels of polyphenolics from leaves of C. laevigata and C. monogyna year-round in a greenhouse photobioreactor system. Based on the results reported here, this system could employ the following protocols:
(1) use of 1-to 2-year-old C. laevigata and C. monogyna plants obtained from a local nursery; (2) culture of plants in a greenhouse set for a temperature of 25 C and using high intensity sodium vapour lamps programmed for 24 h light per day and having a irradiance of at least 1500 mmol m À2 s À1 at the tops of the plants placed one meter from the light source; (3) after leaves have fully developed, the plants can be subjected to cold stress treatment by placing them in a cold storage room set at 4 C for 10 days or to drought stress for 10 days by withholding the daily water supply to the plants; (4) at the end of the stress treatment, leaves can be harvested from the plants and freeze-dried; (5) re-growing the plants in the greenhouse for a second cycle of stress treatment and leaf harvest; (6) re-cycling the plants outdoors after the second leaf harvest; and (7) starting another group of hawthorn plants obtained from the commercial nursery for two new cycles of stress treatments and leaf harvests.
The above greenhouse photobioreactor protocol is not possible with nursery-grown hawthorn plants or natural plant populations. This is because of vagaries of the weather, herbivory and pathogen attack, a long dormant season of 6-8 months, and difficulty in the imposition of cold or drought stress treatments. The primary advantage that accrues from a greenhouse photobioreactor system for producing phytopharmaceutical compounds such as polyphenolics from the leaves of hawthorn plantlets, is that one can now obtain a good degree of quality control over the levels and kinds of medicinal products produced.
The photobioreactor greenhouse system has also been applied to other medicinal plants. These include peppermint, Mentha X piperita (Shotipruk et al. 1999) , tree of joy, Camptotheca accuminata , and kudzu, Pueraria montana (Kaufman et al. 2002) . However, the environmental parameters and stress treatments differ considerably from those used for hawthorn, Crataegus spp.
